R ELIABLE ␤-CELL MODELS are of paramount importance for diabetes research. It is generally accepted that the use of primary cells is preferable. However, this requires large quantities of isolated pancreatic islets, which is workintensive and has the inherent inconvenience of representing a mixed population of ␤-, ␣-, ␦-, and F cells. Consequently, rodent ␤-cell lines have proven their usefulness, and their continuous development is still essential until clonal human ␤-cells become available. The intrinsic challenge when establishing a ␤-cell line is the maintenance of tissue-specific differentiation combined with adequate cell proliferation. As a result, only a limited number of ␤-cell lines are available to date, all of rodent origin.
Among the mouse derived ␤-cell lines (1, 2), MIN6 cells (1, 3) represent a valuable model, which was further improved by isolation of the clonal subline MIN6m9 (4) . Of rat origin, RINm5F cells do not respond to glucose in the physiological concentration range (5, 6) , and BRIN-BD11 cells are poorly differentiated, exhibiting low insulin content and weak secretory responses to glucose (7) .
In the early nineties, our laboratory established the insulinsecreting cell line INS-1 isolated from a radiation-induced rat insulinoma (8) . Due to the nonclonal nature of these cells, limited stability over passages probably explains some of the discrepancies observed among the numerous laboratories using parental INS-1 cells worldwide. To circumvent this problem, Hohmeier and colleagues (9) stably transfected INS-1 cells with the human proinsulin gene, followed by selection of clones based on robust glucose-stimulated insulin secretion. The resulting INS-1-832/13 cells are highly glucose responsive. However, these cells overexpress human insulin driven by the ubiquitous cytomegalovirus promoter in addition to the endogenous rat insulin, rendering it impossible to judge the differentiated state based on insulin content. An alternative approach would be the cloning of well differentiated INS-1 cells without genetic manipulation. Hence, we isolated clonal INS-1E cells from the parental cells based on both their insulin content and their secretory response to glucose (10) . This new INS-1E ␤-cell line has been provided to many investigators, although thorough characterization of these cells has not been documented to date. The aim of the present study was to provide an extensive and long-term characterization of INS-1E cells for a series of parameters recognized to play a key role in metabolismsecretion coupling. In the consensus model of glucosestimulated insulin secretion, glucose equilibrates across the plasma membrane and is phosphorylated by glucokinase, initiating glycolysis (11) . Subsequently, mitochondrial metabolism generates ATP, which promotes the closure of ATPsensitive K ϩ channels (K ATP channel) and, as a consequence, depolarization of the plasma membrane (12) . This leads to Ca 2ϩ influx through voltage-gated Ca 2ϩ channels and a rise in cytosolic Ca 2ϩ ([Ca 2ϩ ] c ), triggering insulin exocytosis (12, 13) . Additional signals are necessary to reproduce the sustained secretion elicited by glucose. They participate in the amplifying pathway (14) , formerly referred to as the K ATP channel-independent stimulation of insulin secretion.
Here we describe the stable differentiated INS-1E ␤-cell phenotype over more than 100 passages corresponding to a 2-yr continuous follow-up. INS-1E cells exhibited secretory responses in the physiological glucose concentration range as well as expressed the amplifying pathway. We measured several metabolic parameters and electrophysiological correlates. Finally, spheroid clusters, sometimes referred to as pseudoislets (15) , composed of reaggregated INS-1E cells were prepared and tested for their ability to respond to secretagogues.
Materials and Methods

Cell culture
Maintenance. The clonal ␤-cell line INS-1E, derived from parental INS-1 cells (8), was selected for its insulin content and adequate proliferation (10) . INS-1E cells were cultured in a humidified atmosphere containing 5% CO 2 in complete medium composed of RPMI 1640 supplemented with 5% heat-inactivated fetal calf serum, 1 mm sodium pyruvate, 50 m 2-mercaptoethanol, 2 mm glutamine, 10 mm HEPES, 100 U/ml penicillin, and 100 g/ml streptomycin. The maintenance culture was passaged once a week by gentle trypsinization, and cells were seeded at a density of 4 ϫ 10 4 cells/cm 2 , i.e. 3 ϫ 10 6 cells, in 75-cm 2 Falcon bottles (BD Biosciences Labware, Franklin Lakes, NJ) with 20 ml complete medium. The potential presence of mycoplasma was regularly checked using a photometric enzyme immunoassay for the detection of PCRamplified mycoplasma DNA (Roche, Penzberg, Germany). For most experiments, unless otherwise mentioned, INS-1E were seeded at 2 ϫ 10 
Insulin secretion
Attached cells. The secretory responses to glucose and other secretagogues were tested in INS-1E cells between passages 54 -95. Before the experiments, cells were maintained for 2 h in glucose-free culture medium. The cells were then washed twice and preincubated for 30 min at 37 C in glucose-free Krebs-Ringer bicarbonate HEPES buffer (KRBH) of the following composition: 135 mm NaCl, 3.6 mm KCl, 5 mm NaHCO 3 , 0.5 mm NaH 2 PO 4 , 0.5 mm MgCl 2 , 1.5 mm CaCl 2 , and 10 mm HEPES, pH 7.4. BSA (0.1%) was added as an insulin carrier. Next, cells were washed once with glucose-free KRBH and then incubated for 30 min in KRBH and stimuli as indicated. Incubation was stopped by putting the plates on ice, the supernatants were collected for insulin secretion, and cellular insulin contents were determined from acid-ethanol extracts. Insulin secretion was measured by RIA using rat insulin as standard (16) .
Perifusion of INS-1E cell clusters.
Spheroid clusters composed of INS-1E cells were preincubated for 2 h in glucose-free culture medium. After low speed centrifugation (500 rpm), cell clusters were resuspended in glucose-free KRBH and counted, and about 500 spheroids were distributed per chamber in a 250-l volume thermostated at 37 C (Brandel, Gaithersburg, MD). The flow rate was set at 0.5 ml/min, and fractions were collected every minute after a 20-min washing period at basal 2.5 mm glucose. At the end of the perifusion, cell clusters were collected, and insulin contents were determined from acid-ethanol extracts.
Fluorescence and luminescence measurements
Several metabolic parameters were measured using either fluorescence or bioluminescence assays. In such experiments, unless otherwise mentioned, INS-1E cells cultured for 4 -5 d in 24-well plates were preincubated for 2 h in glucose-free culture medium, washed, and further preincubated in glucose-free KRBH for 30 min. The 24-well plates were then transferred to a thermostated (37 C) plate reader set, according to the probe, in either fluorescence or luminescence mode (Fluostar Optima, BMG Labtechnologies, Offenburg, Germany). Individual wells of the 24-well plate were recorded sequentially over a 40-min period, and test compounds were added at the indicated times through automated built-in microinjectors.
NAD(P)H.
Autofluorescence of NAD(P)H was monitored with excitation and emission filters set at 320 and 460 nm, respectively. After stabilization of the signal for 10 min in 2.5 mm glucose KRBH, increasing glucose concentrations were administered as indicated. NAD(P)H autofluorescence was normalized over a 10-min stimulation period by setting the fluorescence at 100% for cells maintained in basal 2.5 mm glucose. Controls of maximal fluorescence changes were performed after the addition of 5 m rotenone plus 2 m antimycin, added as inhibitors of the electron transport chain.
Mitochondrial membrane potential. Mitochondrial membrane potential (⌬ m ) was measured using the fluorescent probe, rhodamine 123. Cells cultured in 24-well plates were maintained for 2 h in 2.5 mm glucose medium at 37 C before loading with 10 g/ml rhodamine 123 (Molecular Probes, Eugene, OR) for 20 min at 37 C in KRBH (17) . The ⌬ m was monitored with excitation and emission filters set at 485 and 520 nm, respectively. Glucose (additions on top of basal 2.5 mm) and then the protonophore carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) were added to each well.
Cytosolic ATP levels. Cytosolic ATP levels were monitored in cells expressing the ATP-sensitive bioluminescent probe luciferase 1 d after transduction with the specific AdRIP-Luc viral construct (18, 19) . After the preincubation steps described above, the 24-well plates were transferred to the plate reader in the luminometer mode. The luciferase substrate, 100 m beetle luciferin (Promega Corp., Madison, WI), was added to the KRBH. After a 10-min period in basal 2.5 mm glucose, cells were stimulated with the indicated glucose concentrations, and 20 min later the mitochondrial poison NaN 3 (2 mm) was added.
Cell membrane potential. Cell membrane potential was monitored using 100 nm of the fluorescent probe bis-oxonol [bis-(1,3-diethylthiobarbituric acid) trimethine oxonol; Molecular Probes]. Filters used for excitation and emission had wavelength optima at 544 and 590 nm, respectively.
Calcium levels. Calcium levels were monitored in cells transduced the day before the experiment with the calcium-sensitive photoprotein aequorin. Measurements of mitochondrial and cytosolic calcium (20, 21) were performed using the corresponding adenovirus constructs, AdCAmtAeq and AdCA-cyAeq, respectively. The 2-h preincubation period also served in this case to load cells with the aequorin prosthetic group,
Calibration was calculated based on the total counts obtained at the end of the trace following permeabilization of the cells with 50 m digitonin and 10 mm CaCl 2 exposure (22, 23) .
Electrophysiology
Cells were seeded on glass coverslips and maintained in culture for 4 -5 d. For patch-clamp recordings a glass coverslip was transferred to a temperature-controlled perfusion chamber. The bath was perfused, using a gravity-driven perfusion system, with extracellular solution at a rate of 1.3 ml/min.
For the study of electrical activity and voltage-dependent current, we used the perforated patch whole cell recording mode, whereas K ATP current was analyzed in the standard whole cell configuration. Patchclamp recordings were performed with an EPC 9 amplifier (HEKA, Darmstadt, Germany) and Pulse software (version 8.53, HEKA). Patch pipettes were pulled from borosilicate glass capillaries (GC150F-10, Clark Instruments, Reading, UK) on a model P-97 puller from Sutter Instruments (Novato, CA). Pipette resistance was between 4 -6 MOhm. Zero-voltage currents were cancelled electronically before seal formation. For perforated patch recordings, 0.24 mg/ml of the pore-forming agent amphotericin B (24) was added to the pipette solution (SigmaAldrich Corp., Buchs, Switzerland).
The action of amphotericin was seen as a continuous decrease in serial resistance. Recordings began when the serial resistance had attained values below 25 MOhm. In experiments using the perforated patch configuration, the bath temperature was maintained at 33 C to facilitate action potential firing. Whole cell recordings were made at room temperature.
Solutions for electrophysiology
The standard extracellular medium consisted of 140 mm NaCl, 3.6 mm KCl, 2 mm NaHCO 3 , 0.5 mm NaH 2 PO 4 , 0.5 mm MgSO 4 , 5 mm HEPES (pH 7,4 with NaOH), and 1.5 mm CaCl 2 . In some experiments, 20 mm tetraethyl ammonium (TEA) was used. In this case extracellular NaCl was lowered to 120 mm to keep the osmolarity constant. The pipette solution for perforated patch recordings was 76 mm K 2 SO 4 , 10 mm NaCl, 10 mm KCl, 1 mm MgCl 2 , and 5 mm HEPES (pH 7.35 with KOH). For the recording of whole cell K ATP current, the pipette solution consisted of 125 mm KCl, 30 mm KOH, 10 mm EGTA, 1 mm MgCl 2 , 5 mm HEPES, 0.3 mm MgATP, and 0.3 mm K-ADP (pH 7.15 with KOH). Glucose was present at a concentration of 2.5 mm in all experiments unless stated otherwise. Diazoxide, tolbutamide, and 4-aminopuridine were dissolved in dimethylsulfoxide and added to the extracellular bath solution at the indicated concentrations. Tetrodotoxin (Latoxan, Valence, France) was dissolved in a 100-mm sodium citrate buffer.
Statistical analysis
Values are given as the mean Ϯ sem, and n values refer to the number of independent experiments. In the case of representative experiments, values are the mean Ϯ sd. The significance of differences was assessed by t test for unpaired data.
Results
Stability of INS-1E cells over passages
Cultured in plastic dishes, INS-1E cells attached firmly and spread well (Fig. 1A) . We analyzed INS-1E cells in terms of insulin contents and secretory responses over 116 passages (no. 27-142), corresponding to 2.2-yr continuous culture, assuming 1 passage/wk. Passages below 27 correspond to the cloning period of parental INS-1 cells as well as the subsequent amplification phase of the isolated clones with very small number of cells available at each passage. Stocks of frozen cells in liquid nitrogen were subsequently prepared from passages 24 -27, and INS-1E cells were extensively analyzed starting from this period. Insulin contents averaged 2.15 Ϯ 0.11 g insulin/10
6 cells (Fig. 1B) . More than 1 value for the same passage corresponds to the collection of data from noncontemporary cultures. Measurements of insulin contents over 116 passages exhibited a bell-shaped distribution, with the highest content in the upper part of the curve reaching 3.46 Ϯ 0.63 g insulin/10
6 cells at passage 64.
Insulin secretion
We tested the secretory responses of INS-1E cells (passages 54 -95) to various concentrations of glucose within the physiological range over a 30-min period ( Fig. 2A) . Compared with basal insulin release at 2.5 mm glucose, exposure to glucose concentrations up to 20 mm resulted in a dose-dependent elevation of insulin secretion with a plateau phase at about 15-20 mm glucose. The averaged response to 15 mm glucose was 6.2-fold (P Ͻ 0.001 vs. 2.5 mm glucose), and the calculated 50% effective concentration was 10.4 mm glucose (r 2 ϭ 0.989). Secretory responses to 15 mm glucose averaged 4.2 Ϯ 1.2-fold over passages 40 -50 (n ϭ 5 independent experiments) and 4.3 Ϯ 1.1-fold between passages 90 -100 (n ϭ 7 independent experiments). As a comparison, 15 mm glucose elicited a 6.6-fold secretory response at passage 64, which also exhibited the highest insulin content. Insulin secretion was also stimulated by nonnutrient secretagogues eliciting cell membrane depolarization (Fig. 2B) . Accordingly, 250 m tolbutamide and 30 mm KCl resulted in 4.8-fold (P Ͻ 0.001) and 4.7-fold (P Ͻ 0.001) secretory responses, respectively. This is lower than glucose-induced secretion. We next investigated whether INS-1E cells retained the amplifying pathway of secretion, classically observed upon glucose stimulation in islets treated with depolarizing concentrations of KCl plus the K ATP channel opener diazoxide (25) . At basal 2.5 mm glucose, 30 mm KCl combined with 250 m diazoxide increased insulin release 5.3-fold (P Ͻ 0.05). Under these experimental conditions, raising glucose to 20 mm further markedly augmented the secretory response by 86% (P Ͻ 0.01), demonstrating the presence of the amplifying pathway. We also tested two key amino acids on insulin secretion. Glutamine alone is not a secretagogue unless glutamate dehydrogenase is activated by l-leucine or its nonmetabolizable analog 2-aminobicyclo-[2,2,1]heptane-2-carboxylic acid (BCH), as previously demonstrated in rat islets (26, 27) . In INS-1E cells, such a pattern of secretory responses was observed, as shown in Fig. 2B . Finally, 1 m epinephrine caused a 56% (P Ͻ 0.05) inhibition of glucose-stimulated insulin release (28).
NAD(P)H
Glucose generates reduced forms of NAD(P)H through both glycolysis and mitochondrial metabolism. Electrons from reduced NADH in the cytosol are transferred into the mitochondria through the glycerol phosphate and the malate-aspartate shuttles. The autofluorescence of NAD(P)H in INS-1E cells was monitored to assess a crucial step in glucose metabolism (Fig. 3A) . Raising glucose from 2.5 to 7.5 and 15.5 mm caused dose-dependent increases in NAD(P)H by 19% (P Ͻ 0.001) and 41% (P Ͻ 0.001) respectively. 
Mitochondrial membrane potential (⌬ m )
Mitochondrial metabolism leads to the activation of the electron transport chain with resulting hyperpolarization of the mitochondrial membrane, the prerequisite for ATP generation. The ⌬ m measured in cells loaded with rhodamine 123 showed that glucose elicited hyperpolarization, with a plateau phase reached after 1-2 min (Fig. 3B) . Maximal effects were obtained at 7.5 mm glucose, and high glucose did not elicit stronger hyperpolarization. As expected, the protonophore FCCP (1 m) rapidly depolarized ⌬ m .
ATP generation
Cytosolic ATP levels were monitored as luminescence in INS-1E cells expressing luciferase. Elevation of glucose from 2.5 mm to stimulatory concentrations increased ATP levels in a biphasic manner (Fig. 4A) . The first peak was observed after about 2 min, followed by sustained elevation 4 min after stimulation. In accordance with ⌬ m measurements, maximal ATP levels were reached at 7.5 mm glucose. Sodium azide (2 mm) added subsequently disrupted ATP generation with a concomitant drop in ATP levels.
Mitochondrial calcium levels ([Ca 2ϩ ] m )
To further assess mitochondrial function, measurements of [Ca 2ϩ ] m were performed in INS-1E cells expressing the photoprotein aequorin targeted to the mitochondria. As shown in Fig. 4B , basal [Ca 2ϩ ] m was about 100 nm. Glucose stimulation resulted in biphasic elevations of [Ca 2ϩ ] m , with the first peak lasting 2 min, and a second phase 3 min after glucose addition (Fig. 4B) . The initial peaks of [Ca 2ϩ ] m induced by glucose elevation to 7.5, 15.5, and 20.5 mm reached 807 Ϯ 80, 1069 Ϯ 242, and 1156 Ϯ 141 nm, respectively. In contrast to the first phase, amplitudes of the second phases (500 -600 nm) were similar at all tested stimulatory glucose concentrations. 
Cell membrane potential
The cell membrane potential was measured as bis-oxonol fluorescence. Increasing glucose from 2.5 to 7.5, 15.5, or 20.5 mm resulted in sustained cell depolarization, further augmented by the subsequent addition of 30 mm KCl (Fig. 5A) . Interestingly, 20.5 mm glucose induced the first significant transient hyperpolarization of the cell membrane, lasting about 1 min before the establishment of the expected depolarized state.
[Ca 2ϩ ] c
Basal [Ca 2ϩ ] c levels, measured as calibrated aequorin luminescence, were in the 100-nm range (Fig. 5B) 
Electrophysiology
Using the perforated patch configuration, we studied glucose-induced electrical activity in INS-1E cells. Of 18 tested cells, 16 responded to glucose by eliciting trains of action potentials. There was no obvious difference in the intensity of action potential firing or in plateau potential between cells stimulated with 7.5 or 15 mm glucose (Fig. 6A) . A few (n ϭ 3) cells were spontaneously active also at low glucose values. This activity, however, subsided after a few minutes. We attribute this spontaneous activity to the high (11 mm) glucose in the culture medium.
When comparing the electrical activity of INS-1E cells with that of native ␤-cells, it is clear that the voltage span of the action potentials is larger in INS-1E cells than in native ␤-cells, and the peak of the action potentials was frequently overshooting zero by 10 -20 mV. This was always the case at the beginning of stimulation with glucose (or tolbutamide, see below), whereas the amplitude declined thereafter. The extent and time course of this amplitude attenuation, how- ever, were quite variable. The sample trace in Fig. 6A is an example of rapid attenuation, whereas traces very similar to that shown in Fig. 6C , displaying less attenuation, were also observed using glucose as a stimulus. We did not observe any true periodicity in the electrical activity characteristic of primary ␤-cells, studied in isolated cells (29) or whole islets (30) . The electrical activity was mostly continuous. Only occasionally could brief periods of bursting be observed, i.e. episodes of electrical activity from a distinct plateau voltage interrupted by silent phases at a voltage lower than the plateau (Fig. 6B) .
To investigate whether INS-1E cells, like primary ␤-cells as well as other ␤-cell clones, contain ATP-dependent K ϩ current and diazoxide-and tolbutamide-sensitive K ATP current, we studied cells in the whole cell configuration. Cells were stimulated with a short 10-mV depolarizing and hyperpolarizing pulse from a holding potential of Ϫ70 mV. As shown in Fig. 6D , diazoxide caused a large increase in membrane conductance, which was antagonized by tolbutamide. These experiments indicate that INS-1E cells possess a tolbutamideand diazoxide-sensitive current. This current, furthermore, seems to control the resting potential, because tolbutamide, applied at low glucose concentrations, elicited vigorous electrical activity.
We also investigated cells with respect to voltage-dependent currents using the perforated patch-clamp configuration. A representative example of current responses to depolarizing voltage steps of 50-msec duration is shown in Fig.  6C . These revealed the existence of inward as well as outward voltage-dependent currents. A rapidly activating and inactivating inward current was seen at the onset of the depolarizing pulse. Within a few milliseconds the inward current was outstripped by an outward current. The outward current appeared to be composed of both transient and sustained components. To further identify these components, we first applied 0.5 mm 4-aminopyridine (4-AP), a classical blocker of the so-called A current, a transient voltage-dependent K ϩ current. As shown in Fig. 6F , 4-AP substantially blocked the first transient phase of outward current, whereas it had only minor effects on the sustained current. This maneuver revealed a current with a slower activation pattern. This current was readily blocked by 20 mm TEA, confirming its identity as a delayed rectifier current. In the combined presence of 4-AP and TEA, only inward current components remained (see Fig. 6G for better visualization) . The rapidly activating and inactivating component was fully blocked by 0.5 mm tetrodotoxin, thus establishing that this current is a voltage-dependent Na ϩ current. Finally, the current remaining after blockage of voltage-dependent K ϩ and Na ϩ currents was very likely a Ca 2ϩ current. 
Spheroid clusters made of INS-1E cells
INS-1E cells were cultured in nonadherent petri dishes, promoting the formation of cell aggregates hereafter referred to as INS-1E spheroids (see Fig. 7A ). INS-1E spheroids were distributed into perifusion chambers, and effluent was collected every minute for insulin release measurements. At the end of the perifusion period, INS-1E spheroids were recovered from the chambers for the determination of insulin content. According to the number of INS-1E spheroids distributed per chamber and the INS-1E insulin content, the estimated average number of cells per spheroid was 4000.
Basal insulin release at 2.5 mm glucose was less than 0.2% the insulin content of INS-1E spheroids. Raising glucose from 2.5 to 15 mm resulted in a 6.6-fold stimulation of insulin secretion at the first phase peak, followed by the establishment of a second sustained phase (Fig. 7B) . KCl-mediated cell membrane depolarization resulted in rapid, but transient, secretory responses lacking the second sustained phase (Fig.  7C) . Dispersed INS-1E cells obtained by trypsinization and loaded into the same perifusion chambers responded very poorly to secretagogues (not shown).
Discussion
The INS-1E clone isolated from parental INS-1 cells was analyzed continuously over an extended period of more than 2 yr, corresponding to 116 passages. Cells exhibited remark- able stability over time and passages. INS-1E at passages earlier than 40 and later than 100 contained less insulin, although the secretory responses to glucose were maintained. This unique collection of data indicates that INS-1E cells can be safely cultured and used within passages 40 -100, corresponding to approximately a 1-yr period. The average insulin contents of cells between passages 40 -100 was 2.30 Ϯ 0.11 g/million cells, corresponding to approximately 10% of the content of native rat ␤-cells (31) .
Glucose-stimulated insulin secretion in isolated rat islets is fairly variable. For instance, secretory responses to 16.7 mm glucose reported from the same experienced laboratory range from 4.2-fold (32) to 12.3-fold (33) . Accordingly, an adequate rat ␤-cell line should ideally respond within that range. On the average for passages 54 -95, 15 mm glucose stimulated insulin release 6.2-fold in INS-1E cells, and the calculated 50% effective concentration for glucose effect was 10.4 mm, in agreement with the value for rat islets (11) . At the extremes of the recommended passage range, i.e. 40 and 100, 15 mm glucose elicited secretory responses of 4.2-and 4.3-fold, respectively. It is of interest that both insulin content and glucose-evoked insulin release displayed bell-shaped characteristics as a function of passage number.
The cells exhibited typical features observed in primary ␤-cells regarding stimulation of insulin release by various secretagogues. INS-1E cells responded to sulfonylurea to a lesser extent than to high glucose. Such a difference might be explained by the contribution of additive factors participating in the stimulation of insulin secretion upon glucose stimulation, an effect also referred to as the amplifying pathway (14) . Combination of KCl with diazoxide at basal vs. high glucose demonstrated the presence of the amplifying pathway in INS-1E cells. Another characteristic of ␤-cells is a weak secretory response to glutamine unless glutamate dehydrogenase is activated by l-leucine or its nonmetabolizable analog BCH (26, 27) . INS-1E cells retained such characteristics, rendering these cells a valuable model for the study of such complex metabolic pathways (34) .
Cell to cell communication is required for proper ␤-cell function, and transgenic mice with altered ␤-cell coupling exhibit reduced glucose-evoked insulin secretion (35) . In vitro, a preparation of so-called pseudo-islets composed of MIN6 cells improved the functional responsiveness of this mouse-derived ␤-cell line (15) . In the present study, strong dynamic secretory responses were obtained in perifusion from INS-1E cells aggregated as spheroid clusters, or pseudo-islets, but not from dispersed floating cells. This indicates that INS-1E cells retained cell to cell communication properties.
The glucose-induced NAD(P)H increase in ␤-cells is remarkable and permits autofluorescence-activated cell sorting of pancreatic islet cells, i.e. purification of ␤-cells according to glucose-induced changes in cellular redox state (36) . It has previously been reported that 20 mm glucose stimulation caused a 50 -80% increase in NAD(P)H autofluorescence measured in single rat ␤-cells (37) and a 200 -300% elevation in adult rat islets (38 -40 ATP generation depends on activation of the electron transport chain revealed by hyperpolarization of the mitochondrial membrane. Interestingly, glucose stimulation ranging from 7.5-20.5 mm exhibited similar effects on both parameters. Indeed, we observed hyperpolarization of the mitochondrial membrane as well as ATP generation, with maximal effects at 7.5 mm glucose. The thus-formed ATP promotes the closure of K ATP channels, leading to cell depolarization. In accordance with ATP levels, there was a lack of glucose dose-response on cell membrane potential. These data indicate that the electron transport is fully activated and saturated at glucose concentrations lower than those eliciting optimal secretory responses, in accordance with previous observations (43) .
As (20) .
Cell membrane potential was depolarized upon glucose stimulation as a result of the closure of K ATP channels. However, prominent glucose levels (20.5 mm) induced transient hyperpolarization for about 1 min. This paradoxical effect might be explained by high activity of glucokinase consuming ATP upon glucose entry into the cell. This would cause a transient drop in ATP levels in the vicinity of the plasma membrane before sustained generation of ATP from the mitochondria leading to the expected depolarization.
It is clear that INS-1E cells retain many of the electrophysiological properties of native ␤-cells. Importantly, they are stimulated by glucose. Furthermore, a tolbutamide-and diazoxide-sensitive current is present. Tests in current clamp mode also indicated that this current may set the resting potential, because its blockage with tolbutamide promptly resulted in electrical activity. It seems therefore likely that, similar to native ␤-cells, stimulus-response coupling in INS-1E cells is largely controlled by an ATP-sensitive K ϩ conductance, K ATP . INS-1E cells do, however, also display notable differences in comparison with native ␤-cells. Most striking is the large voltage span of the action potential, which in native ␤-cells does not overshoot 0 mV. It is likely that this phenomenon involves activation of the Na ϩ current in INS-1E cells in the physiological voltage range. This is also the case in, for example, RINm5f cells (49), but appears not to be the case at least in mouse ␤-cells in which a Na ϩ current is present but fully inactivated at the resting voltage, thereby being inconsequential for the electrical activity (30) .
Although INS-1E cells do not consistently display the typical bursting pattern of electrical activity, burst-like firing was occasionally observed. Ulrich et al. (50) also found bursting in a small number (15%) of INS-1 cells. Thus, similar to single isolated primary ␤-cells (29) and in contrast to hamster insulinoma tumor cells (29) , INS-1 cells are capable of displaying bursting. We conclude that INS-1E cells represent a valuable tool for the study of electrical transduction mechanisms in insulin-secreting cells.
In the present study the newly developed clonal INS-1E insulinoma cells have been characterized over a long-term continuous culture period. This unique collection of data should help the many researchers who already obtained INS-1E cells for various investigations. Although these cells do not substitute for primary ␤-cells, INS-1E cells represent a significant improvement in terms of ␤-cell differentiation and stability.
